Abstract: Determination of Mars soil mechanical properties will improve future lander mission success and provide narrower constraints for geomorphological modeling. A soil mechanics investigation was conducted wherein soil mechanical properties were determined by computer reconstruction of mass wasting features observed in photographs of Mars Exploration Rover landing sites and analysis of natural slope stability. Mars soil mechanical properties were compared with thermal inertia measurements and a correlation is presented. Tests with rovers and equipment for Mars surface exploration and various past laboratory experiments have incorporated a number of different Mars soil simulants. Standard laboratory measurements were conducted to characterize the shear strength, grain size distribution, and densities of various Mars soil simulants. From these measurements, the ability of a given simulant to appropriately represent the mechanical properties of in situ Mars soils was judged. Specific simulants are recommended for certain regions of Mars.
Introduction
Mars soil mechanical properties affect the ability of spacecraft to land and explore on the Martian surface. Mars soil mechanical properties also affect geomorphological processes such as mass wasting, crater formation, and erosion, which are important to understand Mars surface layer evolution. Determination of Mars soil mechanical properties will improve future lander mission success and provide tighter constraints for geomorphologic modeling.
Mars Global Surveyor high resolution images and laser altimeter measurements and Mars Odyssey photographs provide the unique means for performing a number of valuable soil mechanics analyses. An investigation was undertaken that consists of determining soil mechanical properties by computer reconstruction of natural slopes, mass wasting features, and landslides. The investigation focused on 2003 Mars Exploration Rover ͑MER͒ landing sites. The results of the investigation can be applied to estimate ultimate bearing capacity, dynamic penetration resistance, angle of critical slope stability, and rover trafficability.
The surface of Mars has been categorized into several distinct surface units according to rock abundance, radar attenuation, thermal inertia, and albedo measurements. As part of the current investigation, soil mechanical properties were assigned to the major Mars surface units so that the soil mechanical properties determined in the investigation can be tabulated for use in future mission planning.
A number of different soils and Mars simulants are routinely used for testing rovers, landers, and equipment that will interact with the Martian surface. Another part of the investigation was laboratory evaluation of several of these soils and simulants and a comparison of the properties of these soils and simulants with the mechanical properties of various units of Mars soils determined through Mars data analysis.
Results of the investigation can be used to assess hazards such as landslides and compressible soils for future landing site selection and to provide engineering input for the design of landers, rovers, sampling devices, and other equipment that will interact with the Martian surface during future exploratory missions. The rovers planned for future missions have increased capability to travel further from the landing site and into more diverse terrain. The evaluation of soil mechanical properties on the surface of Mars is of increased importance for these longer traverses. Furthermore, the results of our investigation can be used as input parameters for modeling many geological and geomorphological processes important to understanding the evolutionary history of Mars.
Laboratory Investigation
In order to provide a baseline set of soil mechanics data to compare with the results from analysis of slope stability on Mars, laboratory tests were performed with terrestrial soils used to test rovers and other equipment for Mars exploration. Several different soils were collected at the Jet Propulsion Laboratory ͑JPL͒. Two soils were sampled from indoor "sand box" test facilities in Buildings 82 and 107. A sample was taken from the indoor MER test facility in Building 317, and a sample was taken from the outdoor Mars Yard near the intersection of Pioneer Road and Loki Road. Another soil collected for laboratory analysis was JSC Mars-1 Simulant from Johnson Space Center ͑JSC͒.
Relatively undisturbed soil samples were obtained from the test facilities at JPL using a 7.1-cm-diameter hand-driven, thinwalled, hollow tube hand sampler as shown in Fig. 1 . Samples were retrieved by applying uniform downward force and measuring the depth of penetration and recovery. The simulant from Johnson Space Center was bulk shipped. A summary of the samples collected for this study is provided in Table 1 . Immediately after collection, the samples were transported a short distance to the Extraterrestrial Materials Simulation Laboratory at JPL where density and moisture content were determined. Later, the samples were transported to the Chen Laboratory at Colorado State University where index tests were performed including maximum density, minimum density, grain size analysis, and spe- The soil in JPL Building 107 appears to be slightly below the minimum index density. This may have been due to disturbance of the surface of the sand box or the possible presence of voids. During sample collection, the soil from Building 107 compressed 13% in the sampler, which confirms that the soil was relatively loose at the time of collection. The soil in JPL Building 82 appears to be slightly above the maximum index density. This indicates that the soil has experienced compaction effort greater than that used in the ASTM test for maximum index density. Repetitive foot traffic, rover traverses, and other sources of vibration and pressure may have caused the densification. During sampling, the soil in Building 82 expanded 4% in the sampler, which confirms that the soil was relatively dense at the time of collection.
Gradation curves for each sample collected are given in Fig. 2 . Soils from JPL Building 82, Building 107, and the Mars Yard are uniformly graded with the majority of particle sizes between 0.4 and 1.0 mm. The washed indoor laboratory soils were silt free. The Mars Yard soil contained 2% silt, which is likely due to the brick dust. The JSC Mars-1 soil is fairly well graded between 0.1 and 1.0 mm. The soil from the MER Yard at JPL was the most well graded with particle sizes ranging from greater than 0.5 cm to less than silt size. MER Yard and JSC Mars-1 soils had similar silt content of 5 and 6%, respectively.
Direct shear tests were performed on samples that were oven dried and placed in the direct shear device using two different compaction procedures. The first procedure, termed light compaction, involved spooning the sample into the shear box from a height of approximately 0.5 cm. The second procedure, termed heavy compaction, was similar except that a preconsolidation load of 10 kg was applied momentarily to the surface of the soil sample after deposition into the shear box. The volume and weight of each sample were measured after preparation and soil density was computed. The soil samples were then subjected to predefined normal stress and an incremental horizontal shear force. Lateral displacement and shear load readings were taken at regular intervals throughout the test. The procedure was repeated for three different normal stresses. From these data, the angle of internal friction ͑͒ and the cohesion ͑c͒ of the soil samples were determined by a best fit linear regression.
A summary of the density, relative density, porosity, angle of internal friction, and cohesion for each sample at the two different compaction levels are shown in Table 2 . The angle of internal friction for a given granular silt and sand soil is largely a function of compaction effort and relative density. A graph showing the variation in angle of internal friction with relative density for each sample at the two different compaction efforts is shown in Fig. 3 . As can be seen in Table 2 , all samples had very low cohesion. The angle of friction varied from 34 to 53°for all samples under heavy compaction. The MER Yard sample was characterized by the largest cohesion of 0.149 N / cm 2 . This sample also had the largest angle of internal friction, which varied between 48 and 
Mars Slope Analysis
The shear strength of Mars soil at several locations near the two MER landing sites was determined by computer analysis of the stability of natural slopes. The analysis was accomplished using Slope/W software. The software incorporates Bishop, Modified Bishop, and Spencer methods of slope stability analysis. By input of a natural slope profile, the software can be used to compute the soil shear strength required for the slope to be stable. In order to define slope profiles, distance along a given slope was determined by scaling high resolution MOC images. Elevation along a given slope was interpolated from MOLA data, shadow lengths, and marked changes in slope geometry shown in the images. Where appropriate, soil layering was modeled by introducing more than one soil stratum. Mars gravity was taken into account in the input unit weight of the soil. If mass wasting or an active landslide is evident, both cohesion and internal friction can be determined by modeling the slip surface in the software. When mass wasting or landslide movement is not present, one of the shear strength parameters must be assumed in order to determine the other. Mars soil is anticipated to be relatively dry sand and silt. These soils typically have negligible cohesion. All of the samples tested in the preceding section exhibited negligible cohesion with respect to the size and steepness of natural slopes selected for slope stability analysis. Hence, Mars soil cohesion was assumed equal to the largest value measured in the direct shear tests, which was 0.15 N / cm 2 for Mars Yard soil. Selection of this or any of the other measured soil cohesion values negligibly affected the resulting angle of internal friction determined from slope stability analysis.
After review of all available MOC images, three representative natural slopes were selected for analysis from each landing site. The slopes selected were among the steepest in the area. Selections were also made based on proximity to the landing site ellipses, available elevation data, and evidence of mass wasting or active landslides, whenever possible. For stable natural slopes with no evidence of movement, the shear strength parameters obtained from the model represent the lowest possible values required for stability. By selecting the steepest slopes in the landing site areas, it is reasonable that the shear strength obtained from the model approaches the limit state.
Measuring the angle of repose is another means of determining the shear strength of natural slopes. However, the angle of repose, by definition, applies only to soil without confinement. In many cases on Mars, the soil within a natural slope is confined to an extent by the curved, nonlinear geometry of the slope itself. This is particularly evident in crater walls. In addition, the angle of repose method is not well suited for modeling landslides. Hence, slope stability software was used because of its robustness and higher accuracy.
The Gusev Crater landing site is a potential ancient lake bed with lacustrine deposits ͑Hch͒ filling the crater floor. Channels lead into and out of the crater floor. Natural slope profiles were selected for analysis from MOC images M191533, M0302330, and M1100476. The locations of these sections is shown in the Fig. 4 . A cropped MOC image of each of the slopes and the interpreted profile are shown in Fig. 5 . The location of each profile is represented approximately by the bold line in the corresponding image. The critical failure surface determined by stability analysis is shown by the dark colored slice in each profile. Brightening of the crest of the slope shown in Section M191533 may indicate some rotation and lateral spreading of the slope. In Section M0302330, the predicted slip surface roughly matches what appears to be an area of progressive slope failure to the left of the profile line. In Section M1100476, the predicted slip surface is in roughly the same location along the slope as a small concave slump-like depression immediately above the profile line. The resulting angles of friction for the soil comprising the three slopes are given in Table 3 .
The Hematite Region landing site is mostly smooth featureless plains with isolated hills and massifs. Several valley networks originating in the southern and eastern highlands pass through the region. Natural slope profiles were selected for analysis from MOC images M19-0679, M18-00014, and M18-912. The locations of these sections is shown in Fig. 6 . A cropped MOC image of each of the slopes and the interpreted profile are shown in Fig.  7 . The location of each profile is again represented approximately by the bold line in the corresponding image. The critical failure surface determined by stability analysis is again shown by the dark colored slice in each profile. In Section M19-0679, the predicted slip surface roughly matches what appear to be funnelshaped mass wasting features along the crest of the slope. In Section M18-00014, the predicted slip surface generally matches the global angle of repose of relatively unconfined dune deposits along a steep slope within what may be a partial crater or ancient progressive slump. The predicted slip surface in Section M18-912 corresponds well with fan-shaped mass wasting features emanating from a break in the slope of a crater wall seen in the image. The angles of friction determined from analysis of the three slopes are given in Table 3 along with additional context information. 
Discussion
Given that all of the natural slopes selected for analysis at both landing sites show evidence of slope movement and that the slope stability models correctly matched the areas of instability, the angles of friction determined from them should represent good approximations of Mars soil shear strength in those areas. The shallow depth and progressive nature of slope instability depicted in the images indicate that the soil has little cohesion. It was possible to model the shallow nature of these slip surfaces using the negligible cohesion assumed in the analysis. Mars soils appear to be largely cohesionless much like the dry silt and sand soils tested in the laboratory component of this investigation. A deep slope failure would indicate high cohesion, the presence of free As shown in Table 3 , the angles of friction obtained from the analysis of the six natural slopes varied from 13 to 38°. The average angle of friction determined at the Gusev crater site is 21°. This is markedly less than the average of 27°determined at the Hematite Region. The difference in shear strength between the two landing sites is likely due to variations in the soil units comprising these areas.
The Mars Surface Unit Map by Christensen and Moore ͑1992͒ divides the surface of Mars into four distinct soil categories based on appearance, thermal inertia, color, and albedo. The units are as follows: Unit 1. active dust deposits, Unit 2. active coarse material, Unit 3. indurated surfaces, and Unit 4. mixed coarse and dust over rock. Based on their map, the soil comprising the floor of Gusev Crater appears to be mostly Unit 1 and the crater walls appear to be either Unit 3 or Unit 4. The soil in the Hematite Region appears to be mostly Unit 3. Using their map as a starting point, the soils comprising the natural slopes were categorized for each of the slope sections. Unit selections are shown in Table 3 . Unit selection was tempered with TES thermal inertia data and visual examination of the MOC images. Thermal inertia measurements along the selected sections were too low to categorize any of the soils as Unit 4 except for soil along the steepest part of Section M1100476, the mesa in Gusev Crater. By this classification, soils of Unit 1 have an angle of friction between 13 and 20°. Soils of Unit 3 have an angle of friction between 18 and 30°, and soils of Unit 4 have an angle of internal friction of 38°.
The relationship between thermal inertia and angle of friction shown in Table 3 is plotted in Fig. 8 . As can be seen, a strong, apparently linear relationship exists. The equation for the best fit linear regression shown in Fig. 8 is given by = 0.12T − 17 where = angle of internal friction ͑degrees͒; and T = thermal inertia ͑J/m 2 K s 1/2 ͒. Soils having a high thermal inertia also have a high angle of friction. This relationship is reasonable given that thermal inertia is linearly related to soil density, and it was shown in the laboratory investigation that soil density is a primary factor in determining angle of friction. However, the steepness of the relationship does not resemble any of the soil samples tested. This may be explained by more than one soil unit being represented in the same graph.
Given the slope and range of the angle of friction relationship shown previously in Fig. 8 Fig. 19 indicates that MER Yard soil may be an appropriate analog for Mars soils with a thermal inertia above 550 J / m 2 K s 1/2 . This would correspond to soils of Unit 4 per Christensen and Moore ͑1992͒.
The low shear strength of Mars soil with thermal inertia below 350 is unlike any of the soil samples tested. These soils are predominantly of Unit 1, active dust deposits. Wind blown silts present on Earth can have shear strength characteristics similar to Mars active dust deposits. A new simulant may be necessary to correctly model this unit. This simulant would likely have a composition of mostly fine silt and dust particles. Care would have to be exercised to maintain the simulant in a state as loose as possible. Mars gravity and atmospheric conditions may have to be simulated to achieve the correct soil structure. Wind blown silts can be collapsible. Unit 1 may represent a challenge to rover trafficability in some areas of Mars.
Conclusions
The analysis of natural slope stability and the modeling of landslide and mass wasting features at Gusev Crater and the Hematite Region of Mars revealed a range of different soil materials and shear strength parameters. Areas of slope instability appeared to be relatively shallow, which indicates the soils present are largely cohesionless dry silts and sands. In the images studied, there does not appear to be significant free groundwater or other significant pore pressure mechanism such as would cause deep seated soil slumping. Active dust deposits were characterized by the lowest shear strength with angles of friction varying from 13 and 20°. Indurated sand soils showed an angle of friction between 18 and 30°, and mixed sand and dust overlying rock had an angle of internal friction of 38°. Thermal inertia appears to correlate well with soil shear strength and the angle of friction. A linear regression of the data obtained provided an equation for estimating soil angle of friction from thermal inertia measurements.
The results of the investigation indicate that soil from JPL Building 82 may best represent the shear strength of indurated Mars sands with thermal inertia between 350 and 400 J / m 2 K s 1/2 . Soils from the JPL Mars Yard or Building 107 generally match the shear strength of indurated Mars sands with thermal inertia between 400 and 450 J / m 2 K s 1/2 . JSC Mars-1 soil may be appropriate for modeling mixed coarse and fine Mars soils with a thermal inertia between 450 and 500 J / m 2 K s 1/2 and for the upper limit of shear strength in cratered areas of the bottom of Gusev Crater, whereas, MER Yard soil may be an appropriate analog for mixed coarse and fine Mars soils with a thermal inertia above 550 J / m 2 K s 1/2 and for the cratered plains of the Hematite Re- gion. A new Mars soil simulant needs to be developed for modeling the active dust deposits on Mars. This simulant should consist of dust and silt and must be maintained in a relatively loose state indicative of wind blown deposits for correct simulation. The successful exploration of Mars depends heavily on the ability of engineers to predict the performance of landers, rovers, and other equipment that interacts with the Martian surface. Soil shear strength is the primary parameter for evaluation of soil bearing capacity, penetrability, stability, and trafficability. The determination of soil shear strength through this investigation will improve the ability to evaluate geologic hazards affecting future exploration of Mars and is useful for studies in Mars geomorphology. Continuation of this investigation would permit the consideration of additional natural slopes and the further modeling of mass wasting and landslide features. Continued study is imperative in the determination of soil shear strength and would allow for more thorough soil categorization.
